The mitochondrion is deemed to be one of the most important organelles, and plays an essential role in various biological processes. Nonetheless, the role of mitochondria in response to abiotic stress remains unclear. Here, we report that accumulation of the cytoplasmic male sterility (CMS) protein ORFH79 in the vegetative tissues resulted in the dysfunction of mitochondria with decreased enzymatic activities of respiratory chain complexes, reduced ATP content and even a morphological change of the mitochondria. However, the suppression of orfH79 by overexpressing a fertility restorer gene Rf5, which is targeted to mitochondria and induced an endonucleolytic cleavage on the atp6-orfH79 transcripts, could recover the function of mitochondria and further significantly improved the tolerance to drought and salt stress. The above evidence suggests that the mitochondrion plays a pivotal role in tolerance to drought and salt stress in rice.
Introduction
Drought and salinity are the major abiotic stresses that seriously limit plant growth and crop productivity. To cope with these adverse conditions, plants have evolved high plasticity and complex mechanisms at multiple levels of organization (molecular, cellular, tissue, physiological, anatomical and morphological) , by adjusting the membrane system and the cell wall architecture, by regulating the cell cycle and rate of cell division, and by metabolic tuning (Pastori and Foyer 2002) . Among them, the earliest and most important response to stress is to perceive and transduce the initial stress signals. When plants suffer from drought or salt stress, it is generally believed that the signals are first perceived by the root and then transduced to the whole plant (Comstock et al. 2002) . Undoubtedly, a deeper and more extensive root system with an increasing water uptake is important for plants to overcome abiotic stress. Previous studies revealed that edt1, DRO1 and AtEDT1/HDG11 could improve the development of roots and significantly enhanced plant tolerance to drought stress (Yu et al. 2008 , Uga et al. 2013 , Yu et al. 2013 . Therefore, the plant root plays a key role in the tolerance to abiotic stress.
The mitochondrion is an important organelle in plant cells, which works as an energy factory providing ATP for various biological processes and also supplies many important metabolites that are vital for cell growth and proliferation. Dysfunction of mitochondria in plants not only results in sterile gametes (Wu et al. 2012, Chen and , aborted embryos (Deng et al. 2014 ) and delayed plant growth (De Longevialle et al. 2007 ), but also causes a deficiency in plant response to biotic and abiotic stresses. A previous study of the pentatricopeptide repeat (PPR) protein PGN revealed that regulation of reactive oxygen species (ROS) homeostasis in mitochondria could significantly enhance the plant's tolerance to both biotic and abiotic stress (Laluk et al. 2011) . Additionally, the dysfunction of the mitochondrial electron transport chain (ETC) in the slo2 mutant aggravated the accumulation of ROS in mitochondria, resulting in hypersensitivity to abiotic stress, such as that due to ABA, drought and salt (Zhu et al. 2012 . It was also reported that the slg1 mutant had an increased expression of the genes involved in the alternative respiratory pathway, which could compensate for the disrupted function of complex I and help scavenge the excess accumulation of ROS in mitochondria, and finally confer on the mutant tolerance to abiotic stress (Yuan and Liu 2012) . Thus, plant mitochondria play a crucial role in the tolerance to biotic and abiotic stresses.
Cytoplasmic male sterility (CMS) in plants is tightly linked to the function of mitochondria. It is defined as the maternally inherited inability to produce functional pollen (male gametes), whereas the development of female gametes is normal Liu 2013, Hu et al. 2014) . In general, CMS is typically associated with a specific chimeric open reading frame (ORF) in the mitochondrial genome (Wang et al. 2006 , Jing et al. 2012 . Molecular and biochemical studies on the Honglian-type (HL)-CMS line YTA established that ORFH79, the product of the CMS gene, impaired enzymatic activities of respiratory chain complexes via directly interacting with a subunit of ETC complex III, and resulted in dysfunctional mitochondria in the reproductive tissue (Yi et al. 2002 . However, the pollen fertility of HL-CMS rice could be recovered by the nuclearencoded fertility restorer gene Rf5, which processed the CMS transcripts via a restoration of fertility complex (RFC) , Hu et al. 2013 .
In this study, we focused on the role of mitochondria in the plant response to abiotic stress. We found that the CMS gene orfH79 was extensively expressed in all vegetative tissues, and accumulation of ORFH79 led to the dysfunction of mitochondria. However, suppressed expression of orfH79 in the Rf5-transgenic lines restored the function of mitochondria and notably improved the tolerance to drought and salt stresses. These results highlight the importance of mitochondria in the response to abiotic stress.
Results
The Rf5-transgenic lines exhibit an improved drought tolerance
Although the function of mitochondria in the male reproductive tissue of YTA is greatly impaired, no obvious phenotypic change was observed in the CMS line YTA, compared with the Rf5-transgenic lines (YTA introduced with the fertility restorer gene Rf5), except for pollen fertility. Therefore, we subjected YTA and the Rf5-transgenic lines to drought stress at the fourleaf stage. After continuous drought treatment for 11 d, both the Rf5-transgenic lines and YTA exhibited typical stress symptoms of leaf rolling and drying. For recovery, pots were rewatered. After recovery for 5 d, the Rf5-transgenic lines have a higher recovery rate compared with YTA (Fig. 1A) . Statistical analysis of the survival rates showed that an average of 21.33% of the YTA seedlings survived, while an average of 61.33% of line T2-1, 68.73% of line T2-2 and 60.8% of line T2-3 survived (Fig.  1B) . To elucidate the physiological mechanisms underlying the enhanced drought tolerance in the Rf5-transgenic lines, we found that the rates of water loss of the Rf5-transgenic lines were much slower than that of YTA (Fig. 1C) . Moreover, the content of proline in YTA and the Rf5-transgenic plants was also examined under normal and stress conditions, respectively. The results showed that there was no significant difference in proline content between YTA and the Rf5-transgenic plants under normal growth conditions. In contrast, the content of proline in the Rf5-transgenic plants was much higher than that in YTA after the drought treatment (Fig. 1D) . These results suggest that the Rf5-transgenic plants exhibit an improved tolerance to drought stress compared with YTA.
The Rf5-transgenic lines display an enhanced salt tolerance
In the broadest sense, both drought and salt can cause water stress. We next tested the salt tolerance of YTA and the Rf5-transgenic lines. Seedlings of YTA and the Rf5-transgenic lines at the four-leaf stage were successively treated with 50 mM NaCl for 3 d, 100 mM NaCl for 3 d and 200 mM NaCl until most of the leaves wilted (about 3 d), then were irrigated with fresh water. After recovery, only 12.97% of YTA survived, whereas 41.53 % of line T2-1, 42.37% of line T2-2 and 38.19% of line T2-3 survived ( Fig. 2A, B) . Clearly, the Rf5-transgenic lines also exhibited an increased tolerance to salt stress. In addition to this, physiological analysis revealed that, after the salt treatment, the content of proline in the Rf5-transgenic lines was much higher than that in YTA (Fig. 2C) . In addition, the relative electrolyte leakage (REL) was significantly lower in the Rf5-transgenic lines compared with YTA (Fig. 2D) . These pieces of evidence together confirm that the Rf5-transgenic lines are more tolerant to salt stress than the CMS line YTA.
Expression of orfH79 is suppressed in the presence of RF5
In the CMS line YTA, the mitochondrial gene orfH79, which is chimeric to atp6 and encodes a cytotoxic peptide of 79 amino acids, is responsible for the abortion of male gametes in the reproductive tissue (Peng et al. 2010 ). For further characterization of orfH79, we carried out a reverse transcription-PCR (RT-PCR) experiment to analyze its expression. The result revealed that orfH79 was constitutively expressed in all the tissues we checked, including root, stem, leaf, flower, seedlings and callus (Fig. 3A, B) . Moreover, the immunoblot using an ORFH79-specific antibody at the protein level also confirmed the finding that ORFH79 was constitutively expressed (Fig. 3C) . However, in the Rf5-transgenic lines, accumulation of ORFH79 was completely inhibited (Fig. 3D, E) . Previous studies have established that the RFC cleaved the CMS transcripts to suppress the expression of ORFH79 , Hu et al. 2013 ). Therefore, we performed quantitative RT-PCR analysis to detect the expression of orfH79. The result revealed that the chimeric CMS transcripts, atp6-orfH79, were greatly reduced in the Rf5-transgenic lines (Fig. 3F) . Taken together, the evidence above suggests that orfH79 is constitutively expressed in the vegetative tissues, whereas its expression is completely suppressed in the Rf5-transgenic lines.
Suppression of ORFH79 recovers the function of mitochondria
In the reproductive tissue, the expression of orfH79 contributes to the chronic oxidative stress in mitochondria, resulting in the abortion of male gametes during gametogenesis in the CMS line YTA (Wan et al. 2007 ). However, the effects of the accumulated CMS protein ORFH79 in the mitochondria of vegetative tissues remain obscure. Therefore, a careful dissection of mitochondria in vegetative cells was carried out. We first checked the activities of complex I, complex III and complex V in the YTA and the Rf5-transgenic lines. The data showed significantly increased activities of the complexes in the Rf5-transgenic lines compared with those in YTA (Fig. 4A-C) . Consequently, the content of ATP was much higher in the Rf5-transgenic lines than that in YTA (Fig. 4D) . Furthermore, we employed transmission electron microscopy to check the mitochondrial ultrastructure in YTA and the Rf5-transgeinc lines. The morphological data revealed that most of the mitochondria in YTA displayed a spherical shape, whereas sausage-shaped mitochondria were dominant in the Rf5-transgenic lines (Fig. 4E) . These results suggest that suppression of orfH79 in the Rf5-transgenic lines strengthens the function of mitochondria, and finally results in the increased activities of respiratory complexes and increased ATP content, and restores the morphological change of the mitochondria.
Improved root system in the Rf5-transgenic lines A previous study of the HL-type CMS protein ORFH79 revealed that accumulation of this cytotoxic protein greatly delayed root development in YTA compared with its maintainer line YTB (Peng et al. 2010) . Since the root is considered to be vitally important in determining drought and salt tolerance in upland plants, we focused on root development in YTA and the Rf5-transgenic lines. As is shown in Fig. 5A , the length of the primary root of the Rf5-transgenic lines was significantly longer than that of YTA. Statistical analysis revealed that the length of primary roots of the Rf5-transgenic lines was on average 1.76 cm longer than that of YTA growing on the eighth day ( Fig. 5B ) and 2.05 cm longer at the four-leaf stage ( Supplementary Fig.  S1 ). Moreover, the lateral roots of the Rf5-transgenic lines were also well developed, and the number of lateral roots per centimeter was significantly increased conpared with YTA (Fig. 5C,  D) , implying that initiation of lateral root growth in YTA was defective. These findings demonstrate that constitutive expression of orfH79 retards root development in the CMS line YTA, while suppressed expression of orfH79 in the Rf5-transgenic lines leads to a well-developed root system with a longer primary root and more lateral roots. These traits might help to promote the increased stress tolerance in the Rf5-transgenic lines.
Increased accumulation of ROS in YTA
Abiotic stress, such as that caused by drought and salt, is often considered to raise the oxidative stress in plants. To obtain insight into the mechanism of the response to abiotic stress, we focused on the ROS accumulation in the Rf5-transgenic lines and YTA. The oxidant-sensitive fluorescent dye H 2 DCFDA was employed to determine the amount of ROS accumulated in the Rf5-transgenic lines and YTA. As shown in Fig. 6A , the intensity of H 2 DCFDA fluorescence in the roots of Rf5-transgenic lines was significanty lower than that in YTA under normal conditions. Consistently, the seedlings also exhibited a lower level of ROS accumulation in the Rf5-transgenic lines (Fig. 6B) . After the drought or salt treatment, the ROS content in YTA was dramatically increased. However, there was only a slight increase observed in the Rf5-transgenic lines (Fig. 6B) . As the content of malondialdehyde (MDA) reflects the membrane damage by ROS, we further tested the content of MDA in the Rf5-transgenic lines and YTA under normal and stress conditions. Consistent with the content of ROS, the Rf5-transgenic lines accumulated a notably lower level of MDA than that in YTA after both drought and salt treatments, indicating that a relatively weaker oxidative damage occurred in the Rf5-transgenic lines during the abiotic stress treatment (Fig.  6C) . The above evidence suggests that suppressed accumulation of ORFH79 in the mitochondria of the Rf5-transgenic lines is conducive to maintaining the homeostasis of ROS and avoiding oxidative damage, especially under drought or salt treatment.
Elevated ROS further triggered programmed cell death
It is commonly accepted that ROS in plants are deemed to be dual functional molecules, which work as both toxic compounds and signal transduction molecules that regulate responses to environmental stresses, pathogen infection and developmental stimuli, and even programmed cell death (PCD) (Mittler et al. 2004 ). Accordingly, a large amount of ROS accumulated in a plant will inevitably cause a great deal of cellular damage and even trigger PCD. Therefore, we evaluated the expression level of the genes associated with PCD in YTA and the Rf5-transgenic plants during the drought and salt treatments. OsKOD, which acts as a PCD inducer gene, was up-regulated about 3-fold in YTA after it had been subjected to severe drought treatment for 11 d or to 200 mM salt treatment for 3 d. In contrast, it was just slightly increased in the Rf5-transgenic plants under the same drought and salt stress treatments (Fig. 7) . Furthermore, OsCP1 (the executor in the PCD process) and Hsr203j (the commonly used marker of cell death) were both significantly up-regulated in YTA compared with the Rf5-transgenic plants after the treatments (Fig. 7) . These findings indicate that, under severe drought or salt stress treatment, the elevated ROS accumulated in YTA not only work as a toxic compounds that are directly involved in the membrane damage, but also serve as signaling molecules that trigger PCD, correlating positively with the higher lethality of the treatment in YTA.
Discussion
CMS, a maternally inherited trait which results in a plant being unable to produce functional pollen, has been observed in >150 species of plants (Bentolila et al. 2002) . Studies of CMS in different species reveal that expression of a novel ORF, derived from the rearrangement of the mitochondrial genome, contributes to the dysfunction of mitochondria and is responsible for all of the CMS characterized so far (Chase et al. 2007 , Hu et al. 2014 . However, in this study, we found that orfH79, the HL-type CMS gene, was constitutively expressed not only in the reproductive tissue but also in the vegetative tissues (Fig. 3B, C) . Therefore, it is an intriguing question whether the expression of orfH79 in the vegetative tissues is harmful to the mitochondria and disrupts the mitochondrial function. Moreover, we found that expression of the CMS gene orfH79 also resulted in the dysfunction of mitochondria in the vegetative cells, producing more content of ROS and less content of ATP (Figs. 4, 6) .
ROS in plants work as both signaling molecules and the toxic by-products of aerobic metabolism, playing a pivotal role in multiple biological processes. The tight control of the steadystate concentrations of ROS is quite important in multiple cellular processes in plants (Mittler et al. 2004) . Abiotic stress, such as drought and salt, is considered to induce oxidative stress, implying that the homeostasis of ROS is destroyed. It is believed that the accumulation of ROS in plant cells often leads to lipid peroxidation and oxidative stress (Xiong et al. 2002) . MDA production is a parameter commonly used to determine the extent of lipid peroxidation. In this study, when subjected to drought or salt treatment, the Rf5-transgenic lines with suppressed expression of orfH79 accumulated a significantly lower level of ROS than YTA (Fig. 6A, B) . The lower content of MDA in the Rf5-transgenic line consistently implied that less damage was caused by oxidative stress (Fig. 6C) . In accordance with the lower content of MDA, the Rf5-transgenic lines also displayed a lower amount of REL compared with YTA, suggesting that the cell membrane in the Rf5-transgenic plants was less damaged than that in the CMS line YTA (Fig. 2D) .
ATP is considered to be the energy currency of life, which provides energy for almost all biological processes. A proteomics study of plant roots under salt stress revealed that the abundance of enzymes involved in glycolysis, the tricarboxylic acid (TCA) cycle, the ETC and ATP synthesis was increased, indicating an enhanced energy demand under the stress condition (Ghosh and Xu 2014) . In other words, the shortage of energy supply during abiotic stress will make the plants more vulnerable. In our study, suppressed expression of orfH79 contributes to the homeostasis of ATP and ROS content in the Rf5-transgenic plants (Fig. 4) . However, the shortage of energy supply and the low efficiency of ATP generation in YTA will further enhance mitochondrial respiration. The enhanced respiration of the aberrant mitochondria in YTA will definitely aggravate the accumulation of ROS, and cause more severe damage by oxidative stress (Fig. 6B, C) . From these perspectives, the Rf5-transgenic plants exhibit improved tolerance to abiotic stress. In addition, the shortage of energy supply and accumulation of ROS might cause the retarded root development in YTA, with shorter root length and fewer lateral roots (Fig. 5) . As we know, plant roots play a pivotal role in the plant response to abiotic stress, not only in perceiving and transducing the stress signal but also in directly absorbing water from soil. Therefore, it sounds reasonable that a stronger root system with a deeper root and more lateral roots is beneficial to plant tolerance of abiotic stress in the Rf5-transgenic plants.
In summary, expression of the CMS gene orfH79 in the sterile line YTA caused the dysfunction of mitochondria not only in the male reproductive tissue but also in the vegetative tissues. The dysfunction of mitochondria in the vegetative tissues further resulted in reduced production of ATP and increased accumulation of ROS. However, the fertility restorer gene-encoded protein RF5, interacting with its cofactors to form an RFC, could perform cleavage of the atp6-orfH79 transcript and block the translation of orfH79, and finally strengthen the function of mitochondria. Therefore, when subjected to drought or salt treatment, the Rf5-transgenic lines exhibited a relatively slower increase in ROS and a weaker oxidative damage, in stark contrast to YTA. Together with the improved root development, these combined factors contributed to the improved tolerance of the Rf5-transgenic lines to cope with abiotic stress, such as drought and salinity (Fig. 8) . Consequently, mitochondria are essential for the tolerance to drought and salt stress in rice.
Materials and Methods

Plant materials and treatment methods
Rice seeds (Oryza sativa L.) were sterilized and then were placed on wet filter paper for 3 d at 25
C in the light. The same numbers of germinated seeds of YTA and the Rf5-transgenic lines with uniform length of shoots (about 2 mm) were transplanted into pots [25 cm in diameter and 13 cm in height, filled with about 4,000 cm 3 soil mixture (soil : sand mixed 1 : 1)] or hydroponic boxes (about 2 liter volume) and grown in a greenhouse. The seedlings at the fourleaf stage were subjected to various abiotic stresses. For drought stress, water supply was withheld from the seedlings for 11 d (all leaves wilted), and then they were allowed to recover by watering for 5 d. For salt stress, the hydroponic seedlings were irrigated with an increasing concentration of NaCl, namely 50 mM for 3 d, 100 mM for 3 d and 200 mM for 3 d (most of the leaves wilted), and recovered by supply of fresh water for 3 d. Survival performance was photographed and recorded. All treatments were replicated in at least three independent biological experiments .
RNA isolation, RT-PCR and quantitative RT-PCR
Total RNAs were extracted by the TRIzol reagent (Invitrogen). The RNA was further treated with DNase I (Invitrogen) at room temperature for 15 min in order to digest the remaining genomic DNA and reverse transcribed according to the manufacturer's instructions (SuperScriptIII Reverse Transcriptase, Invitrogen). For RT-PCR analysis of orfH79, total RNAs were extracted from the different tissues, including root, stem, leaf, flower, seedling and callus. For quantification of PCD-associated genes, the RNAs were extracted from the whole seedlings of YTA and the Rf5-transgenic lines at the four-leaf stage during the drought/salt treatment. The rice actin1 gene (LOC_Os03g50890) was used as an internal reference. Sequences of primer pairs are listed in Supplementary Table S1 . Fig. 7 Increased ROS trigger PCD. Expression of PCD-associated genes, OsKOD (a PCD-inducer gene), OsCP1 (the executor in the PCD process) and Hsr203j (the commonly used marker of cell death), was evaluated by quantitative PCR during the drought and salt treatments. Values are the means ± SD (n = 3).
Isolation and purification of mitochondria
Mitochondria were isolated from the 10-day-old seedlings and further purified by differential centrifugation followed by continuous Percoll gradients as described by Heazlewood et al. (2003) . The amount of mitochondrial protein was determined using the modified Lowry protein assay kit (Pierce).
Immunoblot analysis
Protein extracts were prepared from the various rice tissues by RIPA lysis buffer (Beyotime). Isolated proteins were separated by 10% Tricine-SDS-PAGE and blotted on PVDF (polyvinylidene difluoride) membranes (Millipore). The membranes were blocked by incubation in PBST buffer (100 mM phosphate, pH 7.5, 100 mM NaCI, 0.1% Tween-20) with 5% non-fat milk, for 1 h at 37 C, and then probed with the anti-ORFH79 antiserum at a 1 : 1,000 dilution . Secondary antibody was used at a dilution of 1 : 2,000. Signals were visualized using chemiluminescence (Bio-Rad).
Mitochondrial enzyme activity and ATP content
Before testing the enzyme activities of mitochondrial complex I, complex III and complex V, the purified mitochondria of YTA and the Rf5-transgenic lines were solubilized by the mild and non-ionic detergent DDM (dodecyl maltoside) and were further quantified using a Lowry protein assay kit (Pierce). A 10 mg aliquot of mitochondria per reaction was used for the measurements of the complex activities, and activities of complex I, complex III and complex V were all measured via a colorimetric assay . Briefly, for the measurement of complex I activity, it is well known that mitochondrial complex I (NADH-CoQ reductase) is able to catalyze conversion of NADH to NAD + , resulting in a progressive decrease in light absorption at 340 nm which is the maximum absorption peak of NADH. Therefore, the change of absorbance at 340 nm during the reaction process represents the activity of complex I, which could be easily detected using a multifunctional microplate reader (SpectraMax M2). Similarly, measurements of mitochondrial complex III (ferrocytochrome c, 550 nm) and complex V (NADH, 340 nm) activities were also taken. All the measurements were conducted under room temperature, and the detailed procedures are given in the manufacturer's instructions (Genmed). The ATP content was quantified using an ATP assay kit (Jiancheng Bioengineering Institute).
Transmission electron microscopy
Leaf squares cut from the seedlings at 10 d were fixed, embedded, cut and soaked as described by Sosso et al. (2012) . Microscopy was carried out using an H-8100 electron microscope (Hitachi) at an accelerating voltage of 150 kV.
Physiological measurements
Water loss rates of detached leaves from YTA and the Rf5-transgenic plants were measured by monitoring the fresh weight loss at the indicated time points Fig. 8 Proposed model for the importance of mitochondria in the plant response to abiotic stress. Accumulation of the CMS protein ORFH79 in the CMS line YTA causes the dysfunction of mitochondria, and even its morphological change. However, suppression of orfH79 by overexpressing a fertility restorer gene Rf5, whose product can form a restoration of fertility complex (RFC) with other cofactors and cause endonucleolytic cleavage of the orfH79 transcripts, significantly strengthens the function of mitochondria in the Rf5-transgenic lines. Therefore, under drought or salt stress treatment, the Rf5-transgenic plants are able to maintain a notably lower accumulation of ROS and suffer from relatively weaker oxidative damage compared with YTA. Additionally, without accumulation of ORFH79, the root development in the Rf5-transgenic lines is obviously improved. Taken together, the enhanced function of mitochondria of the Rf5-transgenic lines remarkably increases the tolerance to abiotic stress, such as drought and salt stress.
(every 20 min). Free proline content in leaves was measured using the protocol described previously (Ye et al. 2009 ). The REL was determined following the method described by Cao et al. (2007) . Briefly, the leaf segments from at least three plants of each line were placed in deionized water and the conductivities of the obtained solutions were determined. Then, the leaf segments in deionized water were boiled for 15 min. After being thoroughly cooled to room temperature, the conductivities of the resulting solutions were determined. For each line, the REL after salt treatment was calculated as the ratio of the conductivity before boiling the rice leaves to that after boiling. Each data point represents the average of two independent experiments.
Quantification of MDA and ROS
The whole seedlings of YTA and the Rf5-transgenic plant at the four-leaf stage were used for ROS and MDA analysis under normal, drought and salt conditions. The MDA level was analyzed using detection kits (Jiancheng Bioengineering Institute) based on the manufacturer's instructions. For ROS quantification, the Reactive Oxygen Species Assay Kit (Elis) was used. To visualize the accumulation of ROS, root tips were excised and placed in 4 ml of phosphate-buffered saline (PBS; pH 7.2), and gently shaken at 23 C in the dark for 30 min. Then the roots were incubated with 10 mM 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCFDA) in PBS (pH 8.0) for 10 min. After briefly rinsing with the PBS to remove the dye, the roots were imaged with a confocal microscope. Optical filters were set to the maximum absorption wavelength of 488 nm and the emission wavelength of 530 nm. The experiment was performed in triplicate.
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